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We report the isolation, sequencing, biochemical, and structural characterization of a previously undescribed virus in a chronically
infected Aedes albopictus C6/36 cell line. This virus is identified as a new densovirus under the Densovirinae subfamily of the Parvoviridae
based on its biological and morphologic properties as well as sequence homologies, and is tentatively designated A. albopictus C6/36 cell
densovirus (C6/36 DNV). Analysis of the 4094 nt of the C6/36 DNV genome revealed that the plus strand had three large open reading
frames (ORFs): a left ORF, a right ORF, and a mid-ORF (within the left ORF), whose potential coding capacities are 91.0, 40.8, and 41.2
kDa, respectively. The left ORF likely encodes the nonstructural protein NS-1, which contains NTP-binding and helicase domains. The right
ORF likely encodes structural proteins, VP1 and VP2. Our analyses revealed that C6/36 DNV has a similar genomic organization and shares
very high homology in nucleotide sequence and amino acid sequences with Aedes aegypti densovirus (AaeDNV) and A. albopictus
densovirus (AalDNV), members of the genus Brevidensovirus of the Densovirinae. Similar to other densoviruses, C6/36 DNV has a different
genomic organization and no recognizable sequence homology with viruses in the Parvovirinae. The three-dimensional (3D) reconstruction
of the C6/36 DNV at 15.6-A˚ resolution by electron cryomicroscopy (cryoEM) revealed distinctive outer surface features not previously seen
in other parvoviruses, indicating structural divergence of densoviruses, in addition to its genomic differences, while the inner surface of the
C6/36 DNV capsid exhibits features that are conserved among parvoviruses.
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Introduction stranded (ss) linear DNA equimolecularly encapsidated asThe family Parvoviridae includes two subfamilies, Par-
vovirinae and Densovirinae (Berns et al., 1996). The mem-
bers of Densovirinae, commonly referred to as densoviruses
(DNVs), infect invertebrates and cause densonucleosis dis-
eases. Similar to other parvoviruses, DNV virions are small
icosahedral, non-enveloped particles of 18–26 nm in diam-
eter and their genomes consist of a 3.9- to 5.9-kb single-0042-6822/$ - see front matter D 2003 Elsevier Inc. All rights reserved.
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1 The first two authors contributed equally to this study.plus and minus strands in separate virions (Kelly et al.,
1977). The 5V and 3V ends of DNV genome contain short
palindromic sequences that form hairpin structures (Cot-
more and Tattersall, 1987; Siegl et al., 1985) and serve as
cis-acting sequences necessary for replication and encapsi-
dation of the viral genomes (Astell et al., 1985; Diffoot et
al., 1989; Samulski et al., 1983; Tattersall and Ward, 1976).
DNVs are divided into three genera: Densovirus, Iter-
avirus, and Brevidensovirus. Junonia coenia and Galleria
mellonella DNVs (JcDNV and GmDNV) belong to the first
genus (Dumas et al., 1992; Tijssen, 1994). The second
genus is exemplified by the Bombyx mori DNV-1
(BmDNV-1) (Bando et al., 1987, 1990). Two mosquito
DNVs, Aedes aegypti densonucleosis virus (AaeDNV) and
Aedes albopictus densonucleosis virus (AalDNV), belong to
the third genus (Afanasiev et al., 1991; Boublik et al., 1994).
S. Chen et al. / Virology 318 (2004) 123–133124In the genus Brevidensovirus, AaeDNV and AalDNV
have been isolated from A. aegypti larvae and a chronically
infected A. albopictus C6/36 cell line, respectively (Jousset
et al., 1993; Lebedeva et al., 1973), and their genomes have
been cloned and sequenced (Afanasiev et al., 1991; Boublik
et al., 1994). A third mosquito DNV, CpDNV, was isolated
from the mosquito Culex pipiens larvae recently, but it
appears to be related to the JcDNV (Jousset et al., 2000).
A shrimp DNV, infectious hypodermal and hematopoietic
necrosis virus (IHHNV), also belongs to the genus Brevi-
densovirus based on its genomic organization (Shike et al.,
2000). Both AaeDNV and AalDNV are very pathogenic to
mosquito cell lines and all mosquito tissues (O’Neill et al.,
1995; Ward et al., 2001). The genomes of AaeDNV and
AalDNVare 4009 and 4126 nt long, respectively (Afanasiev
et al., 1991; Boublik et al., 1994).
We report here a new strain of mosquito densovirus
discovered in a chronically infected A. albopictus C6/36
cell line. The 4094 nt of the virus genome was cloned,
sequenced, analyzed, and show significant sequence homol-
ogy to viruses in the Densovirinae subfamily but no recog-
nizable homologies to those in Parvovirinae subfamily.
Three-dimensional (3D) reconstruction of the C6/36 DNV
by electron cryomicroscopy (cryoEM) exhibits structural
features not previously observed in members of the Parvo-
viridae, as well as characteristic features known to be
conserved among these viruses.Fig. 1. Electron microscopy of C6/36 DNV. (A) Transmission electron
micrograph of an ultra-thin section of virus-infected A. albopictus C6/36
cell. A crystalline array (marked by arrow) of small viral particles was
observed in the nucleus (Cyt, cytoplasm; N, nucleus; Ch, chromatin). (B)
Transmission electron micrograph of purified virions after negative staining
with 2% sodium phosphotungstate. A full particle and an empty particle are
marked by a black arrow and a white arrow, respectively. (C) Electron
cryomicrograph of C6/36DNV particles. Both full (black arrow) and empty
(white arrow) capsids can be seen. The contrast of the image was reversed
to match that in the negative stain micrograph.Results and discussion
Identification of the unknown virus
Observation of ultra-thin sections of the C6/36 cells
using transmission electron microscopy revealed electron-
dense regions located in the nuclei, which contained small
viral particles about 20 nm in diameter, arranged into a
crystalline array (Fig. 1A). The chromatin was pushed to the
periphery of the nucleoplasm toward the nuclear inner
membrane (Fig. 1A). Virions purified from the infected
C6/36 cell appeared as icosahedral, non-enveloped particles
when examined with negative stain (Fig. 1B). When em-
bedded in vitreous ice and examined by cryoEM, both
empty and full capsids can be seen, and both have similar
smooth surfaces and a diameter of 25 nm (Fig. 1C). The
cytopathological observations and the unique biochemical
and structural properties (described below) of these purified
virions led to our conclusion that the undescribed virus may
be a densovirus.
Electrophoresis of the capsid proteins of purified virions
revealed that they consisted of two structural proteins, VP1
and VP2, with molecular weights of approximately 40 and
38 kDa, respectively (Fig. 2A). The darker band associated
with VP1 indicated it was more dominant than the VP2. To
characterize the viral genome, the viral nucleic acid was
prepared and analyzed by electrophoresis on 1% agarosegel. The result indicated that the viral genome had an
approximate size of 4 kb (Fig. 2B).
Each densovirus virion packages either a plus or a minus
single-stranded (ss) linear DNA strand (Kelly et al., 1977).
We have purified the unknown virus from C6/36 cells and
extracted viral DNA for sequencing using random primers
cDNA synthesis method. Our purified viral DNA contains
Fig. 2. (A) Electrophoretic profile of C6/36 DNV (left lane) capsid polypeptides. The polypeptides were separated by 12% acrylamide SDS-PAGE and stained
by Coomassie brilliant blue. The size of markers (M) is indicated in kilodalton. The two capsid proteins VP1 and VP2 of size 40 and 38 kDa are indicated. (B)
Electrophoretic profile of dsDNA forms of C6/36 DNV genome (lane 2) analyzed in 0.9% agarose gel. Lane 1: 1-kb DNA marker (Promega Co. Ltd.). (C)
Electrophoretic profile of the EcoRI digestive product of dsDNA forms (lane 2) analyzed in 1% agarose gel. Lane 1: 1-kb DNA marker (Promega Co. Ltd.).
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(Fig. 2B). Sequences obtained from the constructed plas-
mids pRM1 to pRM8 were aligned to generate a 3948-bp
sequence. This 3948-bp sequence has three EcoRI endonu-
clease sites and could be cleaved into four DNA fragments
of 200, 1384, 24, and 2340 bp after EcoRI digestion. To
verify if this sequence was indeed cloned from the purified
virus, we subjected the purified viral dsDNA to EcoRI
digestion. The digestive products contained three large
DNA fragments: fragment 1 (f2400 bp), fragment 2
(f1400 bp), and fragment 3 (f250 bp) (Fig. 2C). Frag-
ment 2 was extracted and sequenced. It was 1384 nt long
and found to be located within the 3948-bp sequence
between the two EcoRI endonuclease sites. This experiment
demonstrated that the 3948-bp sequence was indeed cloned
from the viral DNA genome. Further sequence analysis
showed that the 3948-bp sequence is highly homologous
to the AaeDNV genome (90% identity). These results
indicate that the newly identified virus is a densovirus andTable 1
C6/36 DNV primer
Primer name Orientation and location of primer-b
DNV-1 F 302f319
DNV-2 R 4002–3985
DNV-3 R 455–437
DNV-4 F 3554–3571
A-1 PO4
3+-CCCGGATCCGTCGACGAAT
A-2 AAAGAATTCGTCGACGGATCCG
Note. Orientation of primer: F, forward; R, reverse. Primer-binding sites are numconsequently, we tentatively designated it A. albopictus C6/
36 cell densovirus, or C6/36 DNV in short.
The characteristics of the C6/36 DNV genome
In order to sequence the full-length genome of C6/36
DNV, the viral DNA was cloned by polymerase chain
reaction (PCR) with the series of primers listed in Table 1.
Almost the complete nucleotide sequence of the viral DNA
was determined (4094 nt) and deposited into the GenBank
(Accession no. AY095351). The base composition of the
viral (minus) strand of the C6/36 DNV genome is A, 20.7%;
T, 42.4%; C, 16.8%; G, 20.1%; and the G + C content is
36.9%. The viral strand of the C6/36 DNV genome has a
high thymidine content, similar to the mosquito breviden-
soviruses (AaeDNV, 41.3% T; and AalDNV, 40.7% T)
(Afanasiev et al., 1991; Boublik et al., 1994).
Three large open reading frames (ORFs) were found in
different frames spanning 3341 nt on the plus strand: leftinding site Primer sequence 5V–3V
TATTTTGTGAGTGCATAT
TGTTGATCCTCGCCTATC
AGAGGTACTGTCTCGGTGC
AGGAGGAGTAGTAACATG
TCTTT-NH3
GG
bered using the coding (plus) strand.
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sequences were flanked by non-coding 5V and 3V terminal
sequences with 252 and 435 nt in length, respectively. The
organization was very similar to that of AaeDNV and
AalDNV. There is no significant ORF on the viral minus
strand. The left ORF encoded a primary translation product
of 793 aa with a molecular weight of 91.0 kDa. The first in
frame ATG codon at position nt 256 matched 4 of 7 nt of the
consensus sequence (A/GCCAUGG) for initiation of eukary-Fig. 3. Characteristics of the C6/36 DNV genome. (A) Organization of coding sequ
strands of the C6/36 DNV genome. There are three large ORFs on the plus strand
BLAST (http://www.ncbi.nlm.nih.gov/gorf/gorf.html). (B) Abbreviated sequence
polyadenylation signals (AATAAA) are underlined. The two most likely functiona
by overlines are two activator (A) and two enabling (E) sequences. The two perfect
each is indicated by an arrowhead.otic protein translation (Kozak, 1986). The mid-ORF
encoded a protein of 363 aa, corresponding to molecular
weight of 41.2 kDa, and its first in frame ATG codon (nt 332)
matched 5 of 7 nt in the Kozak consensus sequence. The right
ORF encoded a protein of 358 aa with a molecular weight of
40.8 kDa. Its first in frame ATG codon (nt 2520) matched 6 of
7 nt of the Kozak consensus sequence. The mid-ORF lies
entirely within the left ORF. The 3Vend of the left ORF
overlaps with the 5Vextremity of the right ORF (Fig. 3A).ences on the plus (frames 1, 2, and 3) and minus (frames  1,  2, and  3)
and no significant ORF in the minus strand. This figure was generated using
of the C6/36 DNV genome illustrating its characteristic properties. The
l promoters, p6 and p60, are indicated by TATA boxes. The regions marked
tandem repeats near the 3Vextremity are indicated in shadow, the first base of
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upstream from the left, mid-, and right ORFs revealed
several potential promoters and polyadenylation signals
(Fig. 3B). The first putative TATA box (TATATAA) is
between nt 221 and 228, 37 nt upstream of the left ORF.
Because of its location near map unit 6 (regard the whole
genome as 100), we designate this TATA box as ‘‘p6
promoter’’. Another TATA box (TATAAAA, p60) is located
between nt 2409 and 2416, which is flanked by a GGCCA-
TAG (nt 2397–2404) activator and a GTCGTCCT (nt
2362–2370)-enabling sequence (Fig. 3B). The existence
of an AGTGGAA (nt 154–159)-enabling sequence (E)
and a GC-rich activator (A) sequence (GGTCCACGCC,
nt 211–220) upstream of p6 promoter makes this a better
eukaryotic promoter according to established criterion (Ben-
simhon et al., 1983). This putative promoter mostly likely
controls the transcription of the left and mid-ORF.
Twelve AATAAA sequences corresponding to potential
cleavage and polyadenylation sites for mRNAs were present
in the C6/36 DNV sequence. Among them, three sequences
(at nt 1587, 2688, and 3698) are, respectively, 166, 54, and
41 nt downstream of the termination codons (TAA) of the
three ORFs, indicating that these three AATAAA sequences
are likely to be functional (Birnstiel et al., 1985).
The characteristics of the three putative proteins of C6/36
DNV
Analysis of putative translation products of each ORF of
C6/36 DNV using BLAST revealed that the amino acid (aa)
sequence of the left ORF had highly conserved domains in
all parvoviruses. Two regions containing highly conserved
motifs were also previously found within this 501-aa stretch.
A region located between aa 316 and 375 (316-GDHI
HILFS-19-YILYCIRYGI-375) contains the highly con-
served replication initiator motifs common to all parvovi-
ruses, which are involved in initiation and termination of
rolling circle replication (Shike et al., 2000). Another
region, 119-aa long (from aa 564 to 682), contains a
conserved characteristic sequence of NTP-binding and a
helicase domain (Fig. 4A) found in the nonstructural NS-1
polypeptide of all parvoviruses (Afanasiev et al., 1991;
Boublik et al., 1994; Shike et al., 2000). These character-
istics suggest that the left ORF of C6/36 DNV encodes the
nonstructural NS-1 polypeptide. A phylogenetic tree was
generated using GENEBEE based on the 119-aa conserved
sequences on the NS-1 of C6/36 DNV and other parvovi-
ruses, including AaeDNV, AalDNV, IHHNV, BmDNV,
JcDNV, minute virus of mice (MVM), parvovirus B19,
and adeno-associated virus-2 (AAV-2) (Fig. 4B). This anal-
ysis indicates that C6/36 DNV is most closely related to
AaeDNV.
The aa sequence of the middle ORF of C6/36 DNV has
no similarity with other parvoviruses and was only found
to have high homology to two mosquito DNVs. By
analogy to the two mosquito DNVs, this ORF may encodethe nonstructural protein, NS-2, whose function remains
unknown.
The right ORF may encode the structural protein because
it contains a glycine-rich region (QRGTKRKRETGGSG) at
22-aa downstream of the first methionine, which is common
to the structural proteins of all the mammalian parvoviruses
and can be a substrate for proteolytic cleavage that generates
the smaller capsid proteins in other parvoviruses (Cotmore
and Tattersall, 1987). In this glycine-rich region, a sequence
GTKRKRE is located from aa 15 to 21, which is similar to
the sequences found on the N-terminus of the putative VPs
of AaeDNV (GTKRKRD), AalDNV (GTKRKRE), and
JcDNV (GTKRKAD) (Afanasiev et al., 1999). The ‘‘core’’
sequence KRKR is similar to the sequence KRKK that is the
nuclear localization signal of the simian virus 40 (SV40)
large antigen (Kalderon et al., 1984a, 1984b; Lanford and
Butel, 1984).
Sequence comparison of C6/36 DNV with two mosquito
brevidensoviruses
The analysis of the C6/36 DNV genome showed that this
virus was closely related to the two mosquito brevidenso-
viruses. The C6/36 DNV shares 90% nt and about 89–93%
aa sequence homologies with AaeDNV, and 83% nt and
72–79% aa sequence homologies with AalDNV (compared
in BLAST). The homology between their 3Vand 5Vterminal
sequences of these three DNVs is very high. The 3Vand 5V
terminal sequences of C6/36 DNV also contain palindromic
self-complementary sequences, which could fold over to
form relatively stable hairpin duplexes as T-shaped config-
urations similar to AaeDNV and AalDNV (Fig. 4C) (Afa-
nasiev et al., 1991; Boublik et al., 1994). Genomic
organizations of the three viruses are also similar. Like
AalDNV, no potential ORF was found on the minus strand
of C6/36 DNV genome.
There are many repeating sequences scattered throughout
the C6/36 DNV genome. Near the 5Vextremity of the plus
strand, a GTGGAAATTAAG is repeated twice from nt 129
to 140 and from nt 154 to 165. A GTGGAAA sequence in
this repeat is a ‘‘core’’ consensus sequence for the SV40
transcription enhancer (Walker et al., 1982), which can also
be found in the 5V extremity of the plus strand of both
AaeDNV and AalDNV (Afanasiev et al., 1991; Boublik et
al., 1994). A perfect tandem-direct repeat of about 160 nt (nt
3592–3751 and nt 3752–3911) was found near the 3V
extremity of the plus strand of C6/36 DNV genome (shad-
owed in Fig. 3B). This repeat was sequenced not only from
the random primers clone, but also from PCR amplification
using the ss viral DNA as template and synthetic oligonu-
cleotide DNV-2 (Table 1) as primer, so the repeat was not a
result of recombination events in the DNA clone. Similar
tandem-direct repeats were found in the 3Vextremity of the
plus strand of AaeDNV and AalDNV genomes (Fig. 4D).
However, in AaeDNV genome, the tandem repeat is only 37
nt long, and the repeat in AalDNV genome is 92 nt long
S. Chen et al. / Virology 318 (2004) 123–133128(Afanasiev et al., 1991; Boublik et al., 1994). Within these
tandem-direct repeats of the three viruses, a TTTCCAC
sequence complementary to the GTGGAAA SV40 tran-scription enhancer sequence was found (Fig. 4D). Their
length differences might result from the different evolution-
ary environments of these three DNVs.
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termination codons, one of which is the termination codon
of the right ORF. The G + C content of 26.1% is much
lower than that of the whole genome (36.9%). Analysis of
the nucleotide sequence of this tandem-direct repeat using
BLAST revealed it has much lower homology to the
corresponding regions in the AaeDNV and AalDNV ge-
nome, and it could not be identified in other parvoviruses.
Further analysis showed that the tandem-direct repeat
contained a set of small nucleotide sequence fragments that
occurs in chromosomal DNA of some eukaryotic organisms
such as Drosophila melanogaster, Homo sapiens, and
Arabidopsis thaliana.
Comparison of the NS-1 proteins of C6/36 DNV,
AaeDNV, and AalDNV revealed that the putative NS-1
polypeptide of AaeDNV is 57 aa longer than the putative
NS-1 polypeptides of C6/36 DNV and AalDNV at the N-
terminal end. The putative NS-1 proteins of C6/36 DNVand
AalDNV have similar molecular masses, and the first
methionine residues of both viruses were aligned corres-
ponding to the fourth methionine residue (aa 58) of the
AaeDNV NS-1 (Fig. 4E). Despite the divergence of the N-
terminus of these three left ORFs, a putative metal-binding
domain can be found in the three N-termini using the
consensus sequence a-X0–4–a-X5–17–a-X1–5, where a is
a cysteine or histidine residue and X is any amino acid
residue (Fig. 4E) (Berg, 1986; Tsonis et al., 1988).
Although sequence homologies indicated C6/36 DNV
was more closely related to AaeDNV, comparisons of the
genomic organization indicated it was more closely related
to AalDNV. Both C6/36 DNV and AalDNV were isolated
from an apparently healthy strain of C6/36 cell line (Boublik
et al., 1994), although the AaeDNV was isolated from
laboratory rearing of A. aegypti larvae 30 years ago (Leb-
edeva et al., 1973). The similarities and differences of these
three closely related viruses could reveal that C6/36 DNV
has a common ancestor with AaeDNV, but underwent an
independent evolution similar to AalDNV.
Three-dimensional structural analysis of C6/36 DNV
The 3D structure of C6/36 DNV was determined at 15.6-
A˚ effective resolution from cryoEM images of ice-embed-
ded C6/36 DNV capsids (Fig. 5A). The C6/36 DNV capsid
is a rough sphere of 250 A˚ in diameter with small surface
protrusions and depressions (Fig. 5B). Most notably, a
prominent spike-like protrusion projects out f10 A˚ alongFig. 4. Sequence analyses of the C6/36 DNV genome. (A) Region of NS-1 w
1.75. NTP-binding and helicase domains A, B, and C are also present in the
of sequence for each viral protein shown in the figure. GenBank accession n
Parvoviridae. The tree was generated based on the 119-aa region shown in (
The secondary structures of the 3V(left) and 5V (right) terminal palindromes of
strand. (D) The tandem-direct repeats near the 3V extremities of the plus str
putative NS-1 aa sequences of C6/36 DNV, AaeDNV, and AalDNV. The putaeach fivefold axis. A canyon is apparent encircling each
fivefold axis. The presence of this canyon contributes to the
characteristic pentagon appearance surrounding each five-
fold axis. Three long density ridges surround each threefold
axis and extend toward the adjacent twofold axes, leading to
the formation of a dimple on the threefold axis and surface
depressions near each twofold axis. The mass densities
inside the capsid shell are lower than the capsid shell
densities (Fig. 5C), suggesting that the bulk of the viral
DNA is disordered. However, some internal densities near
the twofold axes are more robust and clearly interact with
the inner surface of the capsid shell (white arrows in Fig.
5C) and appear as globules attached to the inner capsid shell
(Fig. 5D).
Although no 3D structure has been reported for members
of the Brevidensovirus genus, numerous 3D structures have
been determined for members in other genera of the Parvo-
viridae, including canine parvovirus (CPV) (Tsao et al.,
1991; Wu and Rossmann, 1993), B19 (Agbandje et al.,
1994), MVM (Agbandje-McKenna et al., 1998), GmDNV
(Simpson et al., 1998), the Aleutian mink disease parvovirus
(ADV) (McKenna et al., 1999), porcine parvovirus (PPV)
(Simpson et al., 2002), and AAV2 (Kronenberg et al., 2001).
Among these viruses, the closest phylogenetically related
virus is GmDNV, a member of the Densovirus genus and
hitherto the only insect Parvoviridae member with known
structural information. It is worth noting that the structural
proteins of C6/36 DNV have no recognizable sequence
homology with their corresponding structural proteins of
these viruses. Even for the most closely related GmDNV
among these viruses, the sequence identity between the
structural proteins of C6/36 DNV and GmDNV is less than
20%. Indeed, the outer surface of the C6/36 DNV exhibits
distinctive structural features not seen in GmDNV. For
example, the density ridges surrounding the threefold axes
and the prominent fivefold protrusions of C6/36 DNV are
not present in GmDNV, although the canyons surrounding
the fivefold axes and the twofold proximal surface depres-
sion appear to be conserved among all the parvoviruses with
known structures. Nevertheless, the inner surfaces of the
C6/36 DNV and GmDNV seem to bear more structural
similarities and both show a large cavity under each of their
fivefold vertices (c.f. Figs. 5E, F). In the cryoEM maps of
C6/36 DNV and AAV (Kronenberg et al., 2001), additional
inward-projecting density globules are attached to the inner
surface of the capsid, but their number and exact locations
differ, having two globules near each twofold axis of C6/36ith highly conserved 119-aa sequence that was aligned using ClustalW
left ORF of C6/36 DNV. Numbers in parentheses indicate the position
umbers are shown in brackets. (B) Phylogenetic tree of viruses in the
A) using GENEBEE (http://www.genebee.msu.su/clustal/basic.html). (C)
the C6/36 DNV genome. The sequence corresponds to the viral (minus)
ands of AaeDNV, AalDNV, and C6/36 DNV. (E) Comparison of the
tive metal-binding domains (a-X0– 4–a-X5– 17–a-X1– 5) are underlined.
Fig. 5. Three-dimensional reconstruction of the C6/36 densovirus. (A) Fourier shell correlation coefficient as a function of spatial frequency. The arrow points
to the effective resolution of 15.6 A˚, where the correlation coefficient between two independent reconstructions falls to 0.5. (B) Shaded surface view of the 3D
reconstruction along an icosahedral threefold axis. Locations of several icosahedral two-, three-, and fivefold axes are indicated. (B) Represents the inner
surface view along twofold axis. (C) A central slice view along twofold axis. Two globules at one twofold axis are indicated by arrows. (D) Shaded surface
representation of the 3D reconstruction after its upper half was removed to reveal the internal view. (E) The same as (D) except that the density within a radius
of 84 A˚ was removed to reveal the internal capsid surface. (F) Inside view of G. mellonella densovirus (GmDNV) generated by filtering its atomic structure to
16-A˚ resolution using a Gaussian type of filter.
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each twofold axis. The structural variations observed among
these viruses suggest that brevidensoviruses, such as C6/36
DNV, have a unique capsid structure in the family Parvo-
viridae. Capsid structural variability is a recurring theme
among members of the Parvoviridae, and this structural
diversity may reflect the fact that all parvoviruses exhibit an
unusual level of tissue tropism.Materials and methods
Conventional processing for EM
The infected C6/36 cells were fixed in 2.5% glutaralde-
hyde and postfixed with 1% OsO4. Fixed cells were
processed for embedding in epon–araldite epoxy resinmixture by standard procedures. Ultra-thin sections were
obtained on Ultrome NOVA ultramicrotome, stained with
uranyl acetate and lead citrate, and observed in JEM-
100CX/II transmission electron microscope (TEM).
Purification of virions and electron microscopy
The infected C6/36 cells were frozen and homogenized
in PBS buffer (pH adjusted to 7.2 by mixing the necessary
amount of 0.1 M Na2HPO4 and 0.1 M NaH2PO4). The
homogenate was clarified at 10000  g for 20 min and the
supernatant centrifuged at 35000 rpm in Sorvall Ultra
ProTM centrifuge with TST-60.4 rotor for 75 min at 4 jC.
The pellet was resuspended in 0.1 M PBS, layered over a
40% sucrose solution, and centrifuged at 40000 rpm with
TST-60.4 rotor for 120 min at 4 jC. The pellet containing
the purified virions was collected in 0.1 M PBS. The viral
S. Chen et al. / Virology 318 (2004) 123–133 131particles were examined under JEM-100CX/II TEM after
being negatively stained with 2% sodium phosphotungstate.
For cryoEM, purified virus particles at a concentration of
about 0.3 mg/ml in PBS buffer were applied to a copper
TEM grid coated with holey carbon film, blotted by filter
paper, and quickly plunged into a liquid nitrogen-cooled
ethane slush so that the virus particles were suspended in a
layer of vitrified ice.
SDS polyacrylamide gel electrophoresis
SDS polyacrylamide gel electrophoresis was performed
using a 12% polyacrylamide separating gel and the
following molecular weight markers: rabbit phosphorylase
b (97.4 kDa), bovine serum albumin (66.2 kDa), rabbit
actin (43.0 kDa), bovine carbonic anhydrase (31.0 kDa),
trypsin inhibitor (20.1 kDa), and hen egg white lysozyme
(14.4 kDa).
Generation and sequencing of plasmids containing the viral
genome
The blunt-ended cDNA fragments of viral nucleotide
were synthesized by the random primers method using a
cDNA synthesis Kit (Takara Co. Ltd.). A base A was added
at the 3Vend of the blunt cDNA fragments with Taq DNA
Polymerase at 72 jC. These cDNA fragments were cloned
into T Easy Vector (Promega Co. Ltd.) and transformed
into Escherichia coli DH5a strain to propagate the recom-
binant plasmids. Eight plasmids were obtained and desig-
nated pRM1 to pRM8, respectively. These plasmids were
sequenced on an ABI PRISM 377 sequencer (Applied
Biosystems).
Analysis and EcoRI restriction endonuclease digestion of
viral nucleic acid
The viral nucleic acid was prepared by one-step method
with TRIzol LS Reagent. The viral nucleic acid was
incubated in the presence of Klenow fragment of E. coli
DNA polymerase I at 37 jC for 30 min, and then digested
by EcoRI at 37 jC for 4 h. An approximate 1.4-kb DNA
fragment of the digestive product was extracted by electro-
phoresis on agarose gel. A self-combined T Easy Vector was
digested using EcoRI and combined with this DNA frag-
ment to construct a plasmid-designated pERI.
Cloning the complete nucleotide sequence of viral genome
An oligonucleotide A-1: PO4
3+-CCCGGATCCGTCGAC-
GAATTCTTT-NH3 was designed and added in the 3Vextrem-
ities of both the viral nucleic acid strands by T4 RNA ligase
(16 jC, 18 h). Polymerase chain reaction (PCR) of the
internal coding sequence of viral nucleic acid was performed
by Takara LATaqDNA polymerase (94 jC, 30 s; 56 jC, 40 s;
72 jC, 2 min; 30 cycles). Amplified product was inserted intoT Easy Vector and the resulting plasmid was designated
pPCR1. Takara LA PCR Kit (Ver. 2.1) was used to amplify
the 5V and 3V terminal sequences of the viral genome with
primer A-2: AAAGAATTCGTCGACGGATCCGGG (com-
plementary to A-1) and DNV-3 or DNV-4, respectively.
However, only the 5Vterminal sequence of the viral genome
was successfully amplified and the product was cloned into T
Easy Vector. The obtained plasmid was designated pPCR2.
All the plasmids were sequenced using an ABI PRISM 377
sequencer.
Sequence analysis
The transcriptional control signals and open reading
frame characterizations were done using DNA Tools 5.1.
Sequence homology was obtained using BLAST (http://
www.ncbi.nlm.nih.gov/BLAST/). The conserved sequences
were aligned using CLUSTAL W 1.75. The phylogenetic
tree was generated using GENEBEE (http://www.genebee.
msu.su/clustal/basic.html).
Electron cryomicroscopy and 3D reconstruction
Purified C6/36 DNV particles were quickly frozen to
liquid nitrogen temperature and imaged on Kodak SO163
films in a JEOL electron cryomicroscope as previously
described (Zhou et al., 1999). CryoEM micrographs free of
specimen movement or charging were selected based on
manual inspection and digitized at step size of 2.8 A˚/pixel
on the specimen scale using a ZEISS SCAI microdensi-
tometer (Z/I Imaging, Huntsville, AL). Data processing
was carried out on a Pentium IV 2.4 GHz workstation
running Windows XP using the IMIRS 3D reconstruction
package (Liang et al., 2002). A total of 691 particle images
were used to reconstruct the final 3D map with the
correction of the contrast transfer function performed as
previously described (Zhou et al., 1999). The effective
resolution of the final map was estimated based on the
criterion of Fourier shell correlation coefficient being above
0.5. For structural comparison, the atomic model of the
GmDNV capsid protein (Simpson et al., 2002) was down-
loaded from the Protein Data Bank and the capsid shell
was generated by imposing icosahedral symmetry. The
atomic model was converted to a density map by filtering
it to 16-A˚ resolution using a Gaussian type of filter for
comparison with C6/36 DNV. The density maps were
visualized using Irix Explorer (NAG, Downers Grove,
IL) with custom-designed modules.Acknowledgments
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